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The µeV axion is a well-motivated extension to the standard model. The Axion Dark Matter
eXperiment (ADMX) collaboration seeks to discover this particle by looking for the resonant con-
version of dark-matter axions to microwave photons in a strong magnetic field. In this paper we
report results from an pathfinder experiment, the ADMX “Sidecar”, which is designed to pave the
way for future, higher mass, searches. This testbed experiment lives inside of and operates in tan-
dem with the main ADMX experiment. The Sidecar experiment excludes masses in three widely
spaced frequency ranges (4202-4249 MHz, 5086-5799 MHz and 7173-7203 MHz). In addition, Sidecar
demonstrates the successful use of a piezoelectric actuator for cavity tuning. Finally, this publication
is the first to report data measured using both the TM010 and TM020 modes.
Axions must exist in nature if the Strong CP problem,
a vexing mystery within the Standard Model of particle
physics, is solved by the existence of a spontaneously bro-
ken Peccei-Quinn symmetry [1–3]. The fact that axions
are non-baryonic, and can be made in sufficient abun-
dance during the big bang, makes them attractive candi-
dates for cold dark matter, an elusive, exotic, and weakly
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interacting form of matter that is approximately 5 times
more prevalent than the baryonic matter in our universe
[4]. At small masses, the axion could account for a large
fraction of the dark matter density [5–7]; cosmological
considerations indicate that a likely mass range for which
axions are the bulk of dark matter is µeV < ma < meV
[8–13]. The axion has the same quantum numbers as a
neutral pion and the standard QCD axion has a fairly
well defined relationship between its mass and coupling.
Relaxing the requirement to solve the Strong CP prob-
lem allows for the existence of axion-like-particles (ALPs)
with potentially larger couplings for a given mass [14].
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2Given that the dark matter density within our own
Milky Way halo is expected to be ρa ≈ 0.45 GeV/cm3
[15], dark matter axions would have a local number
density ∼ 1014/cm3, but would remain almost impos-
sible to detect due to their weak coupling. To date,
the most promising detection scheme is the “axion halo-
scope” which exploits the inverse Primakoff effect [16].
In this scheme, a high-Q, tunable microwave cavity is
immersed in a strong magnetic field. Dark matter axions
interact with the static magnetic field, convert to pho-
tons, and deposit energy into the resonant mode of the
cavity with a power
Pa = 1.14× 10−26 W
( gγ
0.97
)2 ρa
0.45 GeV/cm3
(
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1 T
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·
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1 `
· f
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· QL
10, 000
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where gγ is a model dependent constant (−0.97 for KSVZ
[17, 18] and +0.36 for DFSZ [19, 20] axions), B is the ver-
tically oriented magnetic field strength, V is the volume
of the cavity, f is the resonant frequency of the mode,
QL is the loaded quality factor of the resonant mode, and
Cmnp is an axion-photon conversion efficiency, commonly
referred to as the form factor. The form factor, a number
between 0 and 1, is defined as the overlap between the
microwave electric field and the static magnetic field
Cmnp ≡
[
∫
V
dV Emnp(x, t) ·B(x)]2
V B2
∫
V
dV rEmnp
2 , (2)
where E(x, t) is the electric field of the cavity mode, B(x)
is the externally applied magnetic field, and r is the
relative permittivity within the cavity. Given an empty
cavity geometry and direction of B(x), only the electric
field distribution of TM0n0 modes result in non-zero form
factors given by
C0n0 ≡ 4/χ20n, (3)
where χ0n is the n
th zero of the Bessel function J0(x)
[21]. Because the form factor decreases for increasing n,
previous haloscope searches have concentrated only on
the TM010 mode. However, analytically-calculated form
factors only apply to the empty-cavity geometry. 3D elec-
tromagnetic field simulations which capture the complex
geometry of a cavity containing a tuning rod have been
shown to have an appreciable TM020 form factor over a
part of the tuning range. The peak magnitude of the
TM020 is significantly less than the TM010 mode, which
remains the discovery channel for the search.
When the frequency of the mode matches that of the
axion, the power from the axion conversion will be given
by Eq.1. The mode frequency, f , must be tuned to ex-
plore the possible range of axion masses because an axion
haloscope is sensitive to axions within a narrow band-
width, f/Q.
Over the past two decades, the Axion Dark Matter
eXperiment (ADMX) has implemented the haloscope
method described above, and has recently excluded the
mass range 2.66–2.81µeV with DFSZ sensitivity [22]. Ul-
timately ADMX will scan up to axion masses of 40µeV.
In this Letter, we present the results of a prototype
higher-frequency axion search, the ADMX “Sidecar” [23].
This pathfinder experiment was designed to pave the way
for future, higher-mass ADMX searches without the need
for an additional magnet or cryogenic system. In tan-
dem with the primary lower frequency ADMX search
[22], the Sidecar cavity was operated in the 4–7 GHz fre-
quency range where it was sensitive to previously un-
explored couplings of axion-like dark matter particles.
Additionally, we demonstrate the readout from multiple
modes and the use of piezoelectric tuning with the Side-
car search, paving the way for an ADMX search in this
frequency range with DFSZ sensitivity.
The Sidecar experiment resides inside the ADMX in-
sert, an experimental apparatus that is lowered into a
3.4 m cryostat housing a 8.5 T superconducting magnet.
The Sidecar cavity is placed directly above the ADMX
main cavity within the magnet bore (Fig. 1) where it
is cooled to 150 mK and experiences a field of 4.25 T
when the magnet is at full current. The 0.38 ` OFHC
copper plated stainless steel Sidecar cavity was fabri-
cated at Lawrence Livermore National Laboratory. The
cavity is formed with two end caps bolted to a 0.121 m
tall, 0.064 m inner diameter cylindrical barrel with knife-
edged ends to lower ohmic losses which would spoil the Q.
The resonator is tuned with a 0.013 m diameter copper-
plated tuning rod, which is held parallel to the cylinder
axis with a rotatable armature. The armature holds the
rod 0.013 m from the axis of rotation, allowing the rod
to be revolved from the wall of the cavity to the center.
The cavity and rod dimensions were designed to achieve
a TM010 frequency in the range 4–6 GHz. At room tem-
perature, the Sidecar cavity has an unloaded Q of 22,000
when empty, and 11,000 with the tuning rod present.
Achieving mechanical motion in a cryogenic space is a
challenging aspect of this type of experiment. Unlike the
main ADMX search, which communicates room temper-
ature stepper motor motion to cryogenic gearboxes via
long G-10 fiberglass shafts, the Sidecar system utilizes
piezoelectric motors to directly drive the tuning rods.
The stick-slip piezoelectric motors are made by attocube
[24] and specified to operate at 10 mK, 31 T, and high vac-
uum simultaneously. The attocube ANR240/RES rotary
and ANPz101eXT12/RES linear motors are mounted to
the top end cap of the cavity and are used for tuning rod
control and antenna depth adjustment. Figure 2 shows
the effect of the rotary piezo actuation of the tuning rod
on the Sidecar TM010 mode as seen in a series of cavity
swept response measurements. The cavity frequency is
shown to smoothly tune 50 MHz by slowly revolving the
rod ∼2◦, over the course of several hours.
3FIG. 1. Schematic of the Sidecar cavity location in the ADMX
insert. A simulation of the vertical component of the magnetic
field in the volume of the cavity is shown overlaid. Contour
lines indicate the field strength as a percentage of the center
bore field strength.
The cavity antenna was made by stripping a section
of SMA-terminated, semi-rigid coax. Its coupling to the
cavity is measured by directing a swept signal through
a circulator towards the antenna. In the case where the
antenna is critically coupled to the resonant mode, all
power is absorbed into the cavity on resonance. Under
normal conditions, the linear piezo motor, with a max-
imum travel length of 12 mm adjusts the depth of the
antenna to maintain a return loss of less than -20 dB rel-
ative to the off-resonance reflected baseline.
When tuning the cavity resonance, minimization of
the piezoelectric heat load is necessary to maintain
milli-kelvin temperatures. The piezo motors have three
sources of heating: dissipated power from exercising the
actuator, mechanical heating from the stick-slip motion,
and ohmic heating from the finite resistance of the piezo
element. The latter two terms, heating from friction and
leakage currents, were found to be subdominant com-
pared with the power dissipated by the actuator [25].
The dominant source of heating is expressed as
Pdissipated = 2CV
2
p tan(δ)fd
∼ 2(200 nF)(60 V)2(0.02)fd
∼ (30µJ per step)× (steps per second),
(4)
where C is the capacitance of the actuator, Vp is the
peak voltage applied, tan(δ) is the loss tangent, and fd
is the driving frequency of the sawtooth voltage applied
to the motor. Using typical parameter values, the the-
oretical heating of the rotary motor is estimated to be
FIG. 2. The cavity resonance shifted by positioning the tun-
ing rod with an attocube piezoelectric actuator. The data
shown was taken at 400 mK during the data run B on Au-
gust 8th, 2016. Roughly 1000 piezo motor steps were taken,
resulting in a ∼2◦ revolution of the rod and 50 MHz shift in
the TM010 mode.
∼ 50 mJ/degree, and that of the linear antenna motor
to be ∼ 100 mJ/mm. However, under normal operating
conditions, the linear motor is stationary and the rotary
motor takes approximately 5 steps per minute, resulting
in an average heating of less than 5µW. Although the
cavity and piezo motors are thermally tied to the mixing
chamber of a dilution refrigerator, with 800µW cooling
capacity, motor heating causes a negligible increase in
temperature.
The cavity output is coupled to a Low Noise Factory
HFET amplifier LNF-LNC1 12A which is thermally sunk
to the top of the helium reservoir. These amplifiers have
a characteristic stable broadband gain of 40 dB, and a
characteristic noise temperature at or below 4 K. In-situ
noise calibration tests were achieved with a cryogenic mi-
crowave switch that toggled the input to the amplifier
from the cavity to a heatable 50 Ω termination.
The room-temperature portion of the receiver is a sin-
gle heterodyne design, mixing the 4–7 GHz cavity fre-
quency down to 10.7 MHz. The signal is also further
amplified and filtered before it is digitized and under-
goes a secondary stage of mixing in software. A cryo-
genic circulator placed directly after the cavity antenna,
a Mini-Circuits RC-8SPDT-A18 radio frequency (RF)
switch matrix, and a network analyzer allows the sig-
nal path to be reconfigured between data collection and
measurements of cavity frequency, antenna coupling, and
noise temperature.
The data-taking cadence consists of: (i) rotate the tun-
ing rod to shift the relevant TM0n0 mode by a fraction
of its bandwidth, (ii) obtain the center frequency, Q and
antenna coupling from network analyzer measurements,
(iii) set the receiver local oscillator frequency such that
the resonant frequency is mixed down to 10.7 MHz, and
4(iv) digitize for 100 seconds. This process is fully au-
tomated and runs in parallel with the main experiment.
For each iteration, we measure the parameters needed
to calculate the expected power in Eq. 1. The frequency
step size for each tuning motion is adjusted to obtain the
integration time needed to reach a target sensitivity and
signal-to-noise ratio. During data collection, RF power is
occasionally injected into the cavity to simulate an axion
signal. Observation of these “synthetic axions” confirmed
the integrity of the signal path. Frequency regions with
statistically large powers are rescanned to increase con-
fidence in a potential axion signal. In practice all large
power regions became statistically insignificant with the
additional data.
The data run plan requires a careful study of the cav-
ity resonant structure to calculate the form factor (Eq. 3).
A map of the mode structure for a set of tuning rod lo-
cations ranging from the center to the wall was created
by using an eigenmode solver to find the resonant fre-
quencies over the tuning range of the TM010 and TM020
modes. Simulations performed in HFSS [26] are used to
identify the relevant mode and calculate its form factor
as a function of rod position. Figure 3b shows the form
factor of the TM010 and TM020 like modes.
FIG. 3. Electric field distributions and form factor values
for different tuning rod positions. (a) The distribution of the
electric fields of the TM010 and TM020-like modes are shown
for a tuning angle of 160◦. (b) Calculated form factor of the
TM010 and TM020 modes as a function of mode frequency.
Choppy features where the form factor significantly decreases
are caused by mode crossings at which the mode of interest
tunes into and mixes with an interfering mode.
The axion search data used in this work were collected
between August of 2016 and June of 2017 and are com-
posed of three separate data sets labeled in order of in-
creasing frequency and summarized in Table I. Run B is
a low magnetic field commissioning run that emphasized
testing the piezoelectric tuning capabilities of the exper-
iment, rather than sensitivity. Several months later, a
high frequency run (Run C) and a low frequency run
(Run A) focused on achieving higher sensitivity over a
narrower frequency range. The linear piezo motor re-
sponsible for antenna coupling failed early on, causing
the loaded Q to be suboptimal and the antenna to re-
main in an over-coupled state for the duration of the
run.
TABLE I. Data Run Summary
Run A B C
Timeline May 24-June 11 Aug 9-Oct 4 Feb 27-April 9
2017 2016 2017
Mode TM010 TM010 TM020
Freq (MHz) 4202 - 4249 5086 - 5799 7173 - 7203
Mass (µeV) 17.38 - 17.57 21.03 - 23.98 29.67 - 29.79
Usable Spectra 11k 32k 24k
B-Field (T) 3.11 0.78 (2.55a) 3.11
Form Factor 0.49 0.44–0.61 0.04–0.046
QL 6.2k 2.2k 2.3k
Tsys (K) 7.0 ± 0.3 7.0 ± 0.3 7.1 ± 0.3
a The magnet was ramped to a higher field for 3 days just before
the end of the data run
The full process by which many raw spectra are com-
bined and converted into limits on the axion-photon cou-
pling (gaγγ) is described in [40]. The procedure begins
by taking digitized spectra from the IF band of the re-
ceiver, centered at 10.7 MHz, and correcting them for the
receiver response. This is done by first dividing each
spectrum by the time-independent response, achieved by
averaging all of the raw spectra in the data set. Sec-
ondly, each spectrum is processed with a Savitsky-Golay
filter (length 129 and polynomial order 2) to 95% of the
least-deviant power bins to characterize any slowly vary-
ing frequency specific receiver structure without fitting
out a narrow ∼5 kHz wide axion signal. Each residual
spectrum is then divided by its fit and the baseline of 1
was subtracted to yield unitless spectra with zero mean.
Axion-like signals were added to the data to measure the
degree of sensitivity degradation caused by the fit. A his-
togram of all of the residual spectra is well fit by a Gaus-
sian function with µ = 0.01 and σ = 0.98, in agreement
with the expected probability distribution. The zero-
mean, unitless spectra are then checked for external in-
terference and finally scaled by the bin resolution, Boltz-
mann constant, and system temperature Tsys to achieve
a representation of real power fluctuations in the cavity.
The system temperature is calculated by using the Friis
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FIG. 4. 90% confidence exclusion on axion-photon coupling with the assumption of dark matter axions at a density of
0.45 GeV/cm3 with an isothermal distribution. Top: Zoomed-in limits set over the three frequency regions. Regions A and
B were scanned using the TM010 mode, while region C was scanned using the TM020 mode. Bottom: Results from this work
(red) shown in the context of the ADMX (light red)[22, 27–33], other axion haloscope searches (light blue) [34–38], and the
solar axion exclusion limit (dark blue) [39]. The DFSZ and KSVZ predictions for the coupling constant are the thin grey lines.
amplifier noise temperature equation [41]
Tsys = Tphys + T1 +
T2
G1
+
T3
G1G2
+ ..., (5)
where Tphys is the physical temperature, T1 and G1 are
the noise temperature and gain of the first amplifier and
so on. Due to a failure with one of the cryogenic switches,
the noise temperature of the Low Noise Factory ampli-
fier was not measured concurrently with the axion search
data. It was measured in situ with a functioning switch
in a later run of the sidecar experiment, operating at a
physical temperature of 4 K. The system noise contribu-
tion from the receiver, including the first-stage ampli-
fier, was calibrated by measuring the change in output rf
power as the temperature of the heated load was changed,
and found to be 4.0±0.3 K. This was consistent with, but
slightly higher than, the manufacturer specification of a
3 K amplifier noise at a physical temperature of 10 K,
and so we use our more conservative in situ value. At
the end of the single scan correction process, spectra rep-
resent thermal noise fluctuations that may contain a very
small excess of power from an axion signal.
Corrected spectra are then weighted according to their
sensitivity, so that data with different system noise, mag-
netic fields, loaded quality factors, and form factors could
be directly summed. Thousands of overlapping and non-
overlapping spectra are added in quadrature to form a
single “grand power spectrum”. For a typical isother-
mal velocity dispersion
〈
v2
〉1/2
= 270 km/s, the expected
axion signal width is approximately ∆f ∼= ma
〈
v2
〉
/h,
where h is Planck’s constant. The grand power spec-
trum is examined for the signs of an axion signature line
shape using a dynamic linewidth filter as predicted by
an isothermal distribution for a fixed axion density ρa =
0.45 GeV/cm3.
The total signal degradation factor from receiver struc-
ture removal and axion signal frequency bin misalign-
ment was found to be η = 0.78 by injecting hundreds of
synthetic software signals in a Monte Carlo simulation.
A 95% confidence threshold on the amount of measured
power was set and new limits on gaγγ were obtained as
shown in Fig 4.
In summary, the ADMX Sidecar has produced new
limits on the axion coupling factor in three frequency
bands within the range 4.2 GHz–7.2 GHz. This is the first
time an axion haloscope has been operated over much
of this region and improves on the solar bounds [42] by
two orders of magnitude under the assumption of 100%
dark matter axion-like particles. While this sensitivity is
not sufficient to reach the axion coupling predicted for
QCD axions, it excludes a meaningful gaγγ parameter
space for generically motivated axions, and spearheads
experimental efforts for DFSZ sensitivity in this axion
mass range.
Higher frequency cavities are required to explore higher
axion masses. With Sidecar, it has been shown that
smaller high frequency cavities can successfully scan over
multiple modes, providing a much wider scan range with-
out requiring physical changes to the system. The TM020
mode suffers from a weaker form factor, leading to a fac-
tor of ∼4 loss in expected axion power but the exclusions
6produced are still significant.
Future runs of Sidecar will concentrate on covering
more of the plausible axion mass range and adopting
the use of quantum limited amplifiers. By placing a
near-quantum-limited traveling wave parametric ampli-
fier (TWPA) [43] before the HFET, the system noise
temperature for future data runs could be reduced by
a factor of 10, resulting in a 100x scan rate improve-
ment. Since these pre-amplifiers are broadband, unlike
the MSA and JPA amplifiers used in the AMDX exper-
iment, future Sidecar runs may take data on both the
TM010 and TM020 modes simultaneously with a single
cryogenic signal path. The signal would be divided at
the 300 K heterodyne receiver, bandpass filtered, mixed
down separately, and digitized to achieve a dual channel
axion search. Sidecar will continue to operate in tandem
with the main ADMX search, allowing for the in situ
testing of new haloscope techniques.
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